We present a time-dependent device model, describing the dynamical processes of both exciton induced by light illumination and charge carriers created from the exciton dissociation, to calculate the transient photovoltage ͑TPV͒ in single-layer organic photovoltaic cells. With reasonable parameters for the specific ITO ͑indium tin oxide͒/CuPc ͑copper phthalocyanine͒/Al ͑aluminum͒ structure, we could obtain the TPV well fitted with previous experimental observation by adjusting only the intensity of input laser pulse. Further, we saw a saturation of this TPV by changing the intensity of laser pulse from the calculation, which has been confirmed by the experimental measurement on ITO/NPB ͓N,N-bis͑l-naphthyl͒-N,N-diphenyl-1,l-biphentl-4,4-diamine͔/Al structure. The saturated TPV value is found to be sensitive to the mobility of minority carriers, which might be useful in the estimation of mobilities. © 2010 American Institute of Physics. ͓doi:10.1063/1.3431289͔
Organic solar cells have attracted extensive interest in the past decade, owing to their potential as an energy source. The most important issue now is to improve the efficiency of light-electricity conversion for applications. Experimentally, the main technique for detecting the quantum efficiency is the open-circuit photovoltage ͑V OC ͒ and filling factor 1 and their relationship with the intensity of light. Generally, V OC increases logarithmically with intensity, and then saturates when intensity is large enough. The saturated V OC was then found to relate to the diffusion and recombination away from the interface. As a powerful tool to investigate the intrinsic property of organic materials, however, V OC hardly captures the information from the anode-organic ͑AO͒ interface. 3 In this context, an advantageous technique, transient photovoltage ͑TPV͒, 4 could largely complement this subject. For example, it was shown that a prompt negative signal in TPV before polarity change appears, [5] [6] [7] [8] [9] and thus great depletion of excitons was found at the AO interface, from which one learnt to stop exciton dissociation at AO interface to improve the efficiency of solar cells. 7 This interesting effect gives us an insight into observing dynamics of excitons and carriers simultaneously and proposing a thorough description on TPV in organic solar cells.
Theoretically, a couple of methods have been devoted to the system with steady states. Similar to its inorganic counterpart, Onsager's theory was applied to organic systems to solve the relation between dissociation rate of exciton and electric field. 10, 11 Meanwhile, a so-called device model method was also applied to simulate the whole physical process in different organic devices. 11, 12 But those steady-state methods cease to have effect on the explanation of TPV experiments. Therefore, a time-dependent method likely in organic light emitting diodes 13 and photocurrent transients 14 is necessary to be developed appropriately for these timedependent experiments.
In this work, we use a time-dependent device model method to simulate the whole physical process in a singlelayer organic photovoltaic device. The first issue is the dynamics of excitons generated by the laser pulse. The diffusion equation is as follows:
where ex is the density of excitons, D the diffusion coefficient, the lifetime of excitons, x = 0 is at AO interface, and x = L at cathode-organic interface with L the size of the device. The generation function G͑x , t͒ follows the form of the input laser pulse in experiments, say, G͑x , t͒ = g 0 exp͑−x / L a ͒ when t on Յ t Յ t off and= 0 otherwise, where g 0 is the generation rate of singlet excitons depending on the intensity of light with a power law relation perpendicular to the AO interface, 15 L a is the absorption length, and t on ͑ϵ0͒ and t off are the time when the laser is switched on and off, respectively. All these parameters are determined by experiments. Considering ͑1͒ the absorption length L a is much smaller than L, so the excitons never reach the interface at x = L; ͑2͒ the exciton dissociation mainly happens in a small region ͑0 Յ x Յ⌬x͒ at the AO interface, ⌬x Ӷ L a , leading to negligible influence on the diffusion of excitons that decouples its connection with the dynamics of charge carriers, we have the analytic solution of Eq. ͑1͒ as
where ex ͑0͒ ϵ g 0 eff ͑e t off / eff −1͒, ͑t͒ = ͑e t/ eff −1͒ / ͑e t off / eff −1͒ for 0 Ͻ t Ͻ t off and= 1 for t Ͼ t off , and the effective lifetime of excitons eff ϵ͑1 / − D / L a 2 ͒ −1 , which represents an important feature of excitons.
The second issue is the dynamics of charge carriers. The time-dependent continuity equations, with a drift-diffusion current density, coupled to the Poisson's equation are given as, 12 ‫ץ‬ n͑p͒ 
where n͑p͒ is the electron ͑hole͒ density, J n͑p͒ the current density, G ca the carrier generation rate, R the recombination in the materials which is not important here, and e the magnitude of the electron charge, so that the total electric current density J ϵ e͑J p − J n ͒; n͑p͒ is the mobility, E the electric field, kT is set to room temperature, the sign takes +͑−͒ for electron ͑hole͒, and the Einstein's relation has been used; 16 0 is the static dielectric constant, and ⑀ is the relative permittivity, which will be set to be 3.0. These Eqs. ͑3͒-͑5͒ could be solved numerically, provided the corresponding boundary conditions.
For boundary conditions, we include thermionic emission, interface recombination, 12 and dissociation currents. For example, the current for holes at the left interface ͑x =0͒ is,
where A is Richardson's constant, ⌽ the injection barrier from electrode to organic material, 0 the maximum density of electrons and holes which are set to be 1.0 nm −3 for both carriers, and V the potential induced by space charge, which is given as
with E 0 ͑t͒ the strength of electric field at the corresponding interface and the capture radius r c = e 2 / ͑4 0 ⑀kT͒, which denotes the region in which the Coulombic binding energy of the image charge in the electrode to the carriers is larger than kT. The expressions for electrons are similar. The different types of currents considered in this work are shown in Fig.  1͑a͒ .
Third, we combine the two parts above. The carrier generation, we consider here, is contributed by the laser pulse, that is, G ca = G ex , where G ex is the generation of excitons and is the corresponding dissociation rate. 17 As our second consideration for excitons, G ex is proportional to the density at AO interface ex ͑0,t͒, and the details of exciton diffusion away from the AO interface is irrelevant in the TPV. So we have the generation of charge carriers due to the exciton dissociation G ca = ⌫ 0 ͑t͒exp͑−t / eff ͒, where the strength ⌫ 0 is proportional to the intensity of input laser pulse and has been absorbed into ⌫ 0 .
As the final step, we show you the calculation of photovoltage. The commonly used form of open-circuit voltage is invalid here, because the interfacial effect and influence of space charge are largely neglected in the derivation.
1 For TPV, however, the generated charge carriers, by the dissociation of excitons, concentrated mainly in a small region at the interface, cause an extra electric field and then a quicker ͑or slower͒ voltage drop in the organic material side of the AO interface. Accordingly the Fermi energy at the electrodes is changed, so the TPV signal should be well approximated the voltage change, that is, ⌬V = V͑t͒ − V͑t =0͒, where V͑t͒ is the time evolution of the potential in Eq. ͑7͒.
In the following, we show our main theoretical and experimental results. We first take CuPc ͑copper phthalocyanine͒ as the example. A device with the structure ITO ͑in-dium tin oxide͒/CuPc͑370 nm͒/Al is fabricated. The TPV measurement is carried out by a Tektronix TDS3012B oscilloscope. The wavelength of the pulsed laser beam is 355 nm ͑absorption length of about 117 nm͒, the pulse energy is 0.1 mJ, and the pulse width is 10 ns. According to the material we used, we take the commonly accepted values, that is, n = 0.5ϫ 10 −3 cm 2 / V s and p =5ϫ 10 −3 cm 2 / V s, the work functions of ITO and Al 4.7 eV and 4.2 eV, and the lowest unoccupied molecular orbital ͑LUMO͒ and highest occupied molecular orbital ͑HOMO͒ of CuPc 3.3 eV and 5.2 eV. The effective lifetime of excitons eff is taken to be 50 ns. Figure 1͑b͒ shows the result of ⌫ 0 = 0.95 nm −3 ns −1 , together with the corresponding experimental observation. 9 The result we obtain clearly shows the changed polarity of TPV from negative to positive. 7 The theoretical results are in good agreement with experimental observations.
To explain the polarity change in TPV, we resort to the current density expressions ͑4͒ and ͑6͒. After the laser is switched on, electrons generated by exciton dissociation accumulated at the AO interface and cause a large electron current proportional to the density of it. The current flows from CuPc to ITO, generating a negative photovoltage. But in a short while, the drift and diffusion currents increase quickly especially for electrons. They work together to transport the electrons inside CuPc, inducing a field which cancels the influence of dissociation current and changes the polarity of photovoltage. This completes the description of the polarity change in TPV.
We then explore the behavior of TPV under different intensity of input laser and the calculated results with different ⌫ 0 are shown in Fig. 2͑a͒ . The photovoltage increases with growing ⌫ 0 when the light intensity is not too high. But   FIG. 1 . ͑Color͒ ͑a͒ The currents for electron and hole at AO interface. Fermi surface of ITO and LUMO and HOMO of CuPc are represented. Arrows ͑1͒, ͑2͒, ͑3͒, ͑4͒, and ͑5͒ denote drift, diffusion, thermionic, interface recombination, and dissociation current, respectively. ͑b͒ The calculated TPV for ITO/CuPc͑370 nm͒/Al structure with ⌫ 0 = 0.95 nm −3 ns −1 , together with the experimental observation. The laser pulse is switched on at t on = 0 and off at t off = 10 ns. and exhibits a quicker decay from peak value when ⌫ 0 is further increased, which is a major prediction of our work. Because CuPc is destroyed before the intensity of a 10 ns width laser pulse is strong enough for saturation, experimental verification of this effect is performed on ITO/NPB ͓N,Nbis͑l-naphthyl͒-N,N-diphenyl-1,l-biphentl-4,4-diamine͔ / Al structure. Figure 2͑b͒ shows the experimental result with the intensity of laser pulse varied from 0.1 to 0.6 mJ per pulse which is well consistent with the theoretical prediction above.
To study the property of saturated TPV, in Fig. 3 , we extract the maximum TPV during the whole evolutions with different ⌫ 0 and illumination power. Before saturated, the maximum TPV is found to behave a good logarithmical relationship with ⌫ 0 . This result is very similar with that in open-circuit photovoltage, 2 which could be easily expected via detailed balance. A direct application of this relation is to use ln ⌫ 0 as a scaling for photovoltages, making TPVs with different ⌫ 0 and pulse width become comparable.
We further investigate the dominating factor of the saturation of TPV. The first candidate is the effective lifetime of exciton eff . Figures 4͑a͒ and 4͑b͒ show the result of eff = 50 and 100 ns, in which a scaling on the latter has been made with the former. Although the positive signal ascends and decays faster when eff is increased, the magnitudes of TPV in both cases are nearly the same, indicating the minor influence of the dynamics of exciton on the saturation of TPV. The next one is the mobility of carriers. A laser pulse of the width 1 ns and a shorter exciton lifetime eff = 1 ns are taken for computational convenience in this case, which should not affect physics. Figures 4͑c͒ and 4͑d͒ show the dependence of saturated TPV on the mobility of electrons and holes, respectively. While the saturated TPV is insensitive to the mobility of holes, it varies significantly with that of electrons. We realize that, this sensitivity of the saturated TPV to the mobility of one carrier might be used to detect it in future. As we know, various techniques 18 have been developed to measure carrier mobility and the commonly used one is time of flight experiment, which is applicable when the mobility is large enough. We suggest the saturated TPV as an alternative for mobility measurement in a larger range for its sensitivity and a series of more detailed work is in progress.
In summary, we have used a time-dependent device model to simulate TPV in single layer organic photovoltaic devices and reproduced the experimental measurements. We predict the saturation behavior of TPV when the intensity of input laser is strong enough which is confirmed by further experiments. We also find that minority carriers play a key role in the saturation of TPV. FIG. 3 . The dependence of the maximum TPV calculated as in Fig. 2͑a͒ on ⌫ 0 in logarithm scale. Inset ͑a͒ shows it in linear scale and ͑b͒ shows the experimental results as in Fig. 2͑b͒ on the illumination power, the dots are the experimental data and the line is a logarithmic fitting.
FIG. 4.
͑Color online͒ ͑a͒ and ͑b͒ show the TPV with different generation rate at the effective lifetime of exciton eff = 50 ns and 100 ns. The dashed line denotes the time when the TPV reaches its maximum value, which shows a delay when eff increases. ͑c͒ and ͑d͒ show the dependence of saturated TPV on the mobilities of electrons and holes, respectively, where t off = 1 ns and eff = 1 ns.
